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ABSTRACT 

The gears are the most common means to transmit the power. Spur Gears are used in many machine tools to 
transmit the power like Lathe machines, Drilling Machines etc. Since the Spur gears are subjected to high loads in such 
machine tools, results in high contact stresses between mating gear tooth. As a result of that, gear tooth failures occur , so 
it is necessary to reduce it. The purpose of this dissertation work is to identify the magnitude of the stresses for a 
Specified design and to optimize the weight of spur gear. Analysis and Optimization of spur gear is done by using Finite 
Element tool. Results are compared with Hertz contact stress. By changing the current conventional design parameters 
we can achieve better performance of the gear under contact pressure as well as in equivalent stress while reducing the 
weight of the gear. It can be clearly observed that 30.01 % of Equivalent stress, 10.21% of contact pressure is reduced& 
12.51% of total mass is reduced when compared to baseline gear assembly with modified design. 
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1. INTRODUCTION 

Gears are defined as toothed wheels or multi lobed cams, which transmit power and motion from one 
shaft to another by means of successive engagement of teeth. In case of Spur gears, the teeth are cut parallel to the 
axis of the shaft; spur gear is used only when the shafts are parallel. The profile of the gear tooth is in the shape of 
an involute curve and it remains identical along the entire width of the gear wheel. Spur gears impose radial loads 
on the shafts. Spur gears are the most common type of gears. They have straight teeth, and are mounted on parallel 
shafts. Sometimes, many spur gears are used at once to create very large gear reductions. 

Spur gears are used in many devices like the electric screwdriver, dancing monster, oscillating sprinkler, 
windup alarm clock, washing machine and clothes dryer. 
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Figure 1: Flow Diagram for Modes of Gear Failure 
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It is assumed that, as this small area of contact forms, points that come into contact are points on the two surfaces 
that originally were equal distances from the tangent plane. There are two types of pitting-Initial and destructive Pitting. 
The initial pitting is a localized phenomenon, characterized by small pits at high spots. Initial pitting is caused by the errors 
in the tooth profile, surface irregularities and misalignment. The Destructive pitting is a surface failure, which occurs when 
the load on the gear tooth exceeds the surface endurance strength of the material. Destructive pitting depends upon the 
magnitude of the Hertz’s contact stress and number of stress cycles. This type of failure is characterized by pits, which 
continue to grow resulting in complete destruction of the tooth surface. It is common practice to design the gear teeth on 
the basis of calculations and excessive tests which are used to validate calculations. With advancement of technology now 
we can go for third method of verification of the design by the means of FEA analysis. Many techniques are available to 
simulate the contact stresses but correct one should be selected and methodology should be finalized to reduce the contact 
stresses in the conventionally designed gear pairs and advancements in the design on the basis of the same is needed. 

2. OBJECTIVES & METHODOLOGY 

• To measure and model the current gear pair of lathe gears and calculate their contact stresses mathematically. 

• To perform FEA analysis on the modeled gear and finding contact stresses using FEA. 

• Optimization of the gear pair through parametric study for reduction of contact stresses while reducing the weight 
of the geometry. 

• Manufacturing of the changed design of gear pair and practical testing to validate the FEA results. 


Measuring amdl modeling current lathe machine gear 
pair SOLEDWOEKS 1 b 

Theoretical calcuJlations ofcontact stress using 
conventionaJ formulae 


Contact stress analysis using ANSYS 
WORKBENCH 16.2 on current design of gear pair 


TSTon linear contacts are used to perform with 
design torque as loading 


Design parameters are selected for opti m iz a tion 
o f gear pair 


Taguchi matrix method is used to select the 
combinations of those in orthogonal array to 
finalize design points 


different models are created in ATJ"SYS 
w r orkibench itself as per selected design iterations 



Figure 2: Methodology of the Work 


There has been a great deal of research on gear analysis, and a large body of literature on gear modeling has been 
published. The contact stress analysis of spur gear is done by many researchers but reduction in contact stresses along with 
mass reduction is not studied yet. Various research findings are described below on the field of spur gear and their 
terminology. Dhavale A. S et.al. [l]Study deals with minimizing the stress in root fillet region of the gear tooth. 
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Finite Element Analysis 

Inserting stress relief features (holes) of different diameter at different locations (Beside root fillet) & varying number of 
holes. A maximum of 15% reduction in maximum principal stress is obtained. As the Number of holes & hole diameter 
increases the maximum principal stress decreases but after a certain extent the strength of the gear reduces. Ali Raad 
Hassan[2] Study deals with finding of Contact stresses and Contact ratio between two spur gear teeth for different angular 
positions. He considered steel (C45) material for the gears. The pair of mating gear is rotated through 3° angular position 
and contact stress and contact ratio values are calculated. The maximum stress result obtained from AGMA stress 
calculation method and the maximum contact stress obtained from the finite element contact analysis are approximately 
same. The results shows a high value of contact stress in the beginning of the contact, and then it starts to reduce until it 
reaches the location of single tooth contact, here it increased to the maximum value of the contact, but exactly after 
exceeding this single contact region it was reduced. At the end of the contact, the stress increased suddenly to a high value 
almost close to the maximum value, at this stage a sliding was occurred in the contact region at the maximum stress points. 
Vivekkaraveer et.al.[3] study deals with stress analysis of mating teeth of spur gear to find maximum contact stress in the 
gear teeth. In this, Two gears are used-Steel and Grey Cast Iron for the study. Contact Stresses are calculated for both the 
gears theoretically by using Hertz’s equation and Finite Element Analysis. The contact stresses calculated are well within 
the Yield Strength of the gear materials. The Values of calculated contact stresses for both the gears by theoretical and 
analytical method are comparable. Also the deformations under load for both the gears are calculated. 

3. THEORETICAL CALCULATION OF CONTACT STRESSES BY 
ANALYTICAL METHOD (HERTZ EQUATION) 

In this, grey cast iron is used as the spur gear materials. The material properties of grey cast iron are given in 

Table 1. 


Table 1: Material Property of Grey Cast Iron 


Material Property 

Symbol 

Value 

Unit 

Density 

P 

7100 

Kg/m 3 

Poisson Ratio 

0 

0.26 

- 

Young’s Modulus 

E 

1.65E+05 

MPa 

Tensile Yield 

Syt 

250 

MPa 

Tensile Ultimate 

S u , 

350 

MPa 


Table 2: Dimensions of Spur Gear 


Dimension 

Symbol 

Gear 

Pinion 

Unit 

No. of Teeth 

Z 

100 

56 

- 

Pitch Circle Dia 

D 

160 

87.8 

mm 

Pressure Angle 

d> 

14.5 

14.5 

Degree(°) 

Addendum Radius 

Ra 

80.95 

46.2 

mm 

Dedendum Radius 

Rd 

77.5 

42.5 

mm 

Face Width 

B 

15.3 

16.2 

mm 

Shaft Radius 

Rs 

22.2 

22.2 

mm 

Module 

M 

1.6 

1.57 

mm 


In this study, maximum contact stress is determined, during the transmission of torque of about 6000 N-mm for 
grey cast iron spur gears, using finite element analysis. 

Hertz’s equation is given by, 
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Where, a c is the contact stress in mating teeth of spur gear, F is the force, and Ri, R 2 are pitch radii of two mating 
gears, B is the face width of gears, ([) is the pressure angle, 0i,0 2 are the Poisson ratios and E b E 2 are the module of elasticity 
of two gears in mesh. 

Allowable maximum stress is given by, 

oc 

ac = — 

FOS 

Here FOS is the factor of safety which can be taken from the ANSYS results or other tables 
The relation between Power and RPM is: 


p _ 2nNT 
60x 10 a 3 

^ _ Px60xl0 A 3 
2nN 

Since, 

We have, 

Power, P= 1 HP= 746 Watt 
N = RPM of driver (1200 RPM) 
n = 3.14 


Therefore, 

Torque T = 5936.48 N-mm. 
Now, Torque is given by, 

T = F x r 


Force, F=267.40 N 
By using Hertz Equation, 




ac = 


VriBttJ- 


1—0l A 2 1—$2 a 2 




ac = 


267 - 4 °( 1 +^) 


780*15.3*71 


. 165*10 3 165 




ac = 237.67MPa 


Allowable maximum stress is given by, 


aa 


CJC 

FOS 
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Here, Factor of Safety (FOS) is selected as 1 for Grey Cast Iron 

237.67 

aa =- 

i 

aa = 237.67 MPa 

4. SPUR GEAR STRUCTURAL OPTIMIZATION RESULTS 



Design Procedure 

Pitch circle radius = (Module x Number of teeth’s)/2 
Addendum radius = Radius of pitch circle + Module 
Deddendum radius = Radius of pitch circle - 1.25x Module 
Clearance radius = Deddendum radius + 1.25x Module 

PINION 

Module (m) = 1.6mm 
Number of teeth’s (N) = 56 
Addendum circle Radius (Ra) = 46.4 mm 
Dedendum circle Radius (Rd) = 42.8 mm 
Pitch circle Radius (Rp) = 44.8 mm 
Clearance circle Radius (Rb) = 43.2 mm 
Involute angle =1.6 degree 
Face width = 20 mm 

GEAR 

Module (m) =1.6 mm 
Number of teeth’s (N) = 100 
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Addendum circle Radius (Ra) = 81.6 mm 
Dedendum circle Radius (Rd) = 78 mm 
Pitch circle Radius (Rp) = 80 mm 
Clearance circle Radius (Rb) = 78.4 mm 
Involute angle = 0.9 degree 
Face width = 20 mm 


Table 3: Baseline Design Parameters 


Gear & Pinion 
Thickness 
(mm) 

Gear & Pinion 
Fillet Radius 
(mm) 

4 

0.6 



Figure 4: Baseline Geometry of Model 

Bonded type contact is defined between the faces of gear & pinion. 


Target Body View 

9 

t - 


w 



_,_^ A 



Figure 5: Contact of Gears Baseline 

The assembly is meshed with tetrahedron higher order elements with 1207498 nodes &492052 elements. 
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Figure 6: Meshing of Gears Baseline 


The shaft mounting region of the gear is fixed & shaft mounting region of the pinion is defined with frictionless 
support which is free to rotate. The moment of 5936.5 N-mm is applied at the shaft mounting region of pinion in clockwise 
direction w.r.t x axis as shown in the figure below. 



Figure 7: Boundary Conditions Baseline 



Figure 8: Loading Conditions Baseline 


The maximum equivalent stress is found to be 32.289MPa at the contact region & minimum at other than contact 

region 
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Figure 9: Equivalent Stress Baseline 



Figure 10: Equivalent Stress Details Baseline 


The Maximum total deformation is found to be 0.0028517 mm at the tooth region of the pinion & minimum at the 
fixed region of the gear. 


A: baseline 

Total Deformation 
Type: Total Deformation 
Unit: mm 
Time: 1 



0.0028517 Max 

0.0025349 

0.00221S 

0.0019011 

0.0015043 

0.0012674 

0.00095057 

0.00063371 

0.00031686 

D Min 



Figure 11: Total Deformation Baseline 
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The unaveraged maximum pressure at the contact region is found to be 238.38 MPa. 


A:b«eline 

Pressure 
Type: Pressure 


Unit MPa 
Time: 1 



Figure 12: Contact Pressure Baseline 


Table 4: Design Parameters for All 9 Iterations 


Iteration 

Hole 

Diameter 

(mm) 

No. of Holes on 

Thickness 

Fillet 

Radius 

(mm) 

No. 

Gear & Pinion 

(mm) 

1 

12 

6 

4 

0.45 

2 

12 

3 

3 

0.6 

3 

12 

2 

2 

0.75 

4 

10 

6 

3 

0.75 

5 

10 

3 

2 

0.45 

6 

10 

2 

4 

0.6 

7 

8 

6 

2 

0.6 

8 

8 

3 

4 

0.75 

9 

8 

2 

3 

0.75 



Figure 13: Geometry of Gears Iteration 4 


The maximum equivalent stress is found to be 22.596MPa at the contact region & minimum at other than contact 


region 


www.tivrc.ors 


SCOPUS Indexed Journal 


editor @tjprc. org 























368 


Suhas Borate & Prasad P. Kulkarni 


22.596 Max 

20.0S5 

17.574 

15.064 

12.553 

10.043 

7.5321 

5.0215 

2.5109 

0.00032709 Min 



A: iteration 4 

Equivalent Stress 

Type: Equivalent (von-Mises) Stress 
Unit: MPa 
Time: 1 


Figure 14: Equivalent Stress Iteration 4 


A: itprsliun 4 

Equivalent Sbeis 2 

Type: Tquwlent (von-Mises) Stoss 

Unit I#b 

ThukiI 

■ 22,596 Mix 

moss 

^ 17,574 
7 11,064 
I 12,553 
* 1ft 043 
- 7.5321 



Figure 15: Equivalent Stress Iteration 4 


The Maximum total deformation is found to be 0.0033158 mm at the tooth region of the pinion & minimum at the 
fixed region of the gear. 


A: iteration 4 

Total Deformation 
Type: Total Deformation 
Unit: mm 
Time: 1 


0.0033158 Max 

0.0029474 

0.002579 

0.0022105 

0.0018421 

0.0014737 

0,0011053 

0,00073685 

0.00036842 

0 Min 



Figure 16: Total Deformation Iteration 4 
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k ileFilitm 4 

Pftrturt' 

Typ&: Pressure 


Unit: MPa 
Time: 1 



Figure 17: Pressure Iteration 4 

All the analysis results are listed in the table below. From those results final design of the gears will be selected 


Table 5: Result Summary of all the Iterations in FEA 


Iteration 

Equivalent 

Stress 

(MPa) 

Total 

Deformation 

(mm) 

Pressure 

(MPa) 

Mass of Gear 
(g) 

Mass of Pinion 
(g) 

Total Mass 
(g) 

Baseline 

32.239 

0.00285 

233.33 

748.42 

346.26 

1094.68 

1 

39.078 

0.00302 

276.05 

726.62 

324.67 

1051.29 

2 

33.206 

0.0034 

246.25 

651.41 

311.57 

962.98 

3 

24.935 

0.00415 

236.63 

567.53 

289.68 

857.21 

4 

22.596 

0.00331 

213.69 

648.92 

308.81 

957.73 

5 

27.76 

0.00424 

308.1 

566.28 

288.9 

855.18 

6 

32.425 

0.00287 

238.35 

743.48 

341.32 

1084.8 

7 

28.817 

0.00425 

286.06 

565.73 

288.15 

853.88 

8 

21.64 

0.00278 

206.81 

744.3 

341.32 

1086.12 

9 

38.64 

0.00332 

280.25 

656.55 

316.91 

973.46 


von Mises Stress (MPa) 

Stress vs. Design 
Iteration 























































0 2 4 6 8 10 

Design Iteration 


Figure 18: Maximum Von Mises Stress Vs Design Iteration 

Iteration wise von-mises stress plot shows that iteration 8 has lowest value of von mises stress 21.6 MPa in all the 
iterations. While iteration 4 shows the second lowest 22.6 MPa. 
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Figure 19: Design Iteration Vs Contact Pressure 


Similar pattern to von Mises stress is followed by contact pressure plot it shows the lowest value of 206 MPa 
while 213 MPa in iteration 4 is observed. 



Figure 20: Mass of Gears Vs Design Iterations 


Table 6: Comparison of Baseline and Optimized Gears 


Gear 

Assembly 

Equivalent 

Stress 

(MPa) 

Contact 

Pressure 

(MPa) 

Mass of Gear 
(gm) 

Mass of Pinion 
(gm) 

Total 

Mass 

(gm) 

Baseline 

32.289 

238 

748.42 

346.26 

1094.68 

Optimized 

22.596 

213.69 

648.92 

308.81 

957.73 

Percentage 

reduction 

30.01% 

10.21% 

13.29% 

10.81% 

12.51% 


5. TESTING SET UP & RESULTS 



Figure 21: Testing Setup with Iteration 4 Designed Gears 
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The setup for the gear is designed and manufactured for calculating the torque applied and strain in the contact 
region of the gear. Figures below give the images at different stage of manufacturing. 



Figure 22: Torque Applied on the Gear Test Set Up 

The required torque is selected on the torque wrench and the torque is applied. The strain gauges are attached to 
the contact region of the mating pair of teeth of the gears and the torque is applied using the torque wrench. One gear is 
fixed and torque is applied on the other gear. The change in resistance in the strain gauge is observed using the digital 
multi-meter and the values are recorded. The following table shows the values of the resistance observed during 
experiment. 


Table 7: Resistance Observed in Testing 


Initial Resistance in 
Strain Gauge 
(ohm) 

Final Resistance in Strain Gauge 
on Application 
of Torque 
(ohm) 

Change in 
Resistance 

120 

120.025 

0.025 


The basic relationship between strain and the change in gauge resistance can be expressed by: 
e = (1 / F) (dR / R) 

Where e is the strain, 

F is the gauge factor and 
R is the gauge resistance. 

For a typical gauge F is 2.0 and R is 120 ohm. 

1 0.025 

e = - x- 

2 120 

e = 0.000104 
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Figure 23: Strain Plot in Iteration 4 Analysis 

Maximum strain of 0.000113 is observed in the FEA of gear design 4 which is final optimized design. 


Table 8: Experimental and Testing Comparison 


Parameter 

Analysis 

Result 

Experimental 

Result 

% Error 

Strain 

0.000113 

0.000104 

7.96 


6. CONCLUSIONS 


It can be clearly observed that 30.01% of Equivalent stress, 10.21% of contact pressure is reduced& 12.51 % of 
total mass is reduced when compared to baseline gear assembly with modified design. Creating holes and reducing the 
thickness of the gear has huge impact on the weight of the gears while fillet radius has the large impact on the contact 
stresses of the gear. By changing the current conventional design parameters we can achieve better performance of the gear 
under contact pressure as well as in equivalent stress while reducing the weight of the gear. FEA results of contact pressure 
are in conformance with the theoretical calculations. Optimized model results are in conformance with the testing results. 
Strain values of the FEA and practical testing are matching with the error of 7.96 % which is acceptable as less than 10 % 
error. 
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